Passive immunization with antigen-specific antibodies was shown recently to induce lasting improve-2 ments in endogenous antibody production, raising the prospect of using passive immunization as a 3 tool to engineer host humoral responses. The mechanism with which administered antibodies alter 4 endogenous antibody production remains unknown. B cells that produce antigen-specific antibodies 5 evolve and get selected in germinal centres (GCs). This selection requires that B cells acquire antigen 6 presented in GCs. We hypothesized that passive immunization biases this selection in favour of B 
Introduction point, we switched to natural AM.
23
The GCR ended when B cells with BCRs of the highest match length (ε = L) were produced, marking 24 completion of AM, or if all the B cells in a cycle died, representing GC collapse.
25
Model recapitulates AM without passive immunization 26 We first examined whether the model recapitulated known features of the GCR in the absence of 27 passive immunization. We set L = 3 for ease of computation and so that the BCR/Ab paratopes could 28 6 be classified as having low (ε = 1), intermediate (ε = 2) or high affinity (ε = 3) for the Ag. We initiated where Ag availability was not low (η = 8; see below).
5
Upon initiation of the GCR, the low affinity GC B cell counts dropped and gave way to the fitter, that the humoral response would take longer to saturate than the duration studied in our simulations.
17
Our focus was on AM; we therefore ignored processes beyond the completion of AM, including the 18 eventual extinguishing of GCs due to Ag decay 34 . The above predictions matched previously observed 19 characteristics of natural AM 14, 30, 34, 35 , indicating that the essential features of the GCR were captured 20 by our simulations.
21
AM with passive immunization reveals a quality-quantity trade-off constraining the GCR 22 We examined next how passive immunization altered the GCR. We performed simulations with pas- AM but also resulted in amplified GC B cell apoptosis and lower plasma cell output, whereas low 1 affinity exogenous Abs maximized the GC B cell population and plasma cell output but resulted in 2 relatively poor AM. 14 Further, the effects of passive immunization were lost when the immunization 3 was delayed. To test whether our model was consistent with these observations, we performed two To test this hypothesis, we performed simulations with low (η = 6) and high (η = 10) Ag availability Abs, in keeping with our results above (Figures 2 and 3) . To emphasize our claims, we examined the 6 cumulative Ab output at week 4 (Figure 4d ). The GC output was reduced by higher affinity passive Abs We examined whether our simulations could recapitulate the latter observations.
In the experiments 33 , Ag availability was modulated by varying the administered Ag doses in an assumed to decay exponentially at a rate commensurate with IC turnover on FDCs.
27
We found that the exponentially increasing η, which ensured adequate Ag availability in GCs, Our simulations thus recapitulated and synthesized independent experiments 14,33 , giving us con-10 fidence that our formalism accurately captured the essential features of the GCR in the presence of 11 passively administered Abs. We applied our simulations next to identify optimal passive immunization 12 protocols.
13
In silico identification of optimal sequential passive immunization protocols 14 Our results above indicate that the affinity of passively administered Abs as well as Ag availability 15 define the GC response. Ag availability is expected to be determined by the pathogen load in in-16 fected individuals. We therefore asked whether passive immunization protocols could be identified 17 that would maximize the GC response for given Ag availability. We assumed, following recent exper- high, H-H-H, affinity sequence. We performed simulations over a wide range of (constant) Ag avail-28 ability, from η = 1 to η = 20, exploring each of the 27 Ab sequences for every integral η in the range. In summary, for a given Ag availability, our simulations enabled the identification of the sequence of 24 administration of Abs that maximized the GC response. Broadly, sequences containing lower affinity 25 Abs were optimal with low Ag availability, whereas sequences containing higher affinity Abs elicited 26 the best response with high Ag availability. immunization has on these forces thus emerges.
27
Our findings synthesize several independent experimental observations. By showing how AM is ICs in our simulations, our simulations can also be applied to define optimal strategies of passive im- charged, negatively charged, polar and hydrophobic groups. 41 We first choose a randomly assembled 1 string to represent the Ag. We then choose a BCR paratope for each cell in the initial B cell pool by 2 randomly mutating the Ag sequence at L − 1 randomly chosen positions. We subject the B cell pool to 3 selection, mutation, and proliferation in discrete generations, described below.
4
Antigen acquisition and T f h cell help. Let N GC (t) be the GC B cell population in the t th generation, or 5 cycle. We let the B cells acquire Ag as follows. We select a B cell randomly and let it interact with an 6 IC on the FDC, also chosen randomly. The ICs available on the FDCs are described below. The B cell 7 succeeds in acquiring an Ag molecule during this encounter with the probability f Ag , defined below. 
Here, κ is the constant, per-site free energy of binding of the Ab or BCR with the Ag. Similar to previ- realizations where the GC thrives, we terminate the GCR when t max = 84 GC cycles is reached. In a 14 fraction of the realizations, the GC B cell population goes to zero and the GC is extinguished. For 15 every scenario, we perform 5000 realizations of the GCR to obtain reliable statistics.
16

Measures of the GC response
17
We use the following measures to quantify the GC dynamics and response. To obtain standard errors and is defined as
where n i (t) and a i (t) are the population and average affinity of the B cells in the i th GC in an ensemble 1 at GC cycle t, respectively. B cell affinity is defined in terms of the match length, ε. AM saturates when 2 α(t) stabilizes at a time-invariant value.
3
Quantity. The average instantaneous GC size is defined as
where x(t) is the number of surviving GCs in an ensemble at generation t. The quantity of the GC to Ag have been shown to differentiate into plasma cells 22 . Therefore,
where p i ε (t) is the number of plasma cells with BCRs of match length ε output from the i th GC in an 9 ensemble at GC cycle t.
10
Quality and quantity combined. The effectiveness of the GC response is determined by a combination 11 of serum Ab titres and their affinities for Ag. To estimate this effectiveness, we employ the following 12 procedure. We define the instantaneous affinity-weighted plasma cell output of the GCs in a lymph 13 node as
The affinity-dependent weights, 
1 to the estimated 2000 Ab molecules/plasma cell/second 60 , the instantaneous affinity weighted Ab 2 output at the t th generation would be
Abs are cleared from circulation at the per capita rate δ A (= 0.01165 per generation 32, 33 ). The cumu-4 lative size of the affinity weighted Ab pool at the t th generation is therefore
Thus, α(t) and ρ(t) are measures of the quality and quantity of the GC response, respectively, and 6 γ(t) is a measure of the effectiveness of the response accounting for both quality and quantity. In the figures, ψ(t) and γ(t) are expressed in units of nmol Abs/generation/GC ensemble. 
